We demonstrate a simple way to achieve single-frequency operation by using fiber-coupled diode-pumped Nd:YVO 4 ͞KTP green lasers in a short standing-wave linear cavity. A single-mode output with 3.2-W green power was generated with a 12.6-W pump power corresponding to a conversion efficiency of 25.4%. The single-mode operation was obtained through the combined action of the anisotropic emission cross section of Nd:YVO 4 and the KTP crystal acting as a birefringent filter.
Introduction
Compact multiwatt intracavity-doubled green lasers are attractive for applications such as display, spectroscopy, material processing, biomedical, and pumping for tunable Ti:sapphire lasers. Such lasers could also become critical components of an all-solid-state compact UV source. However, an amplitude fluctuation in the green output, called the green problem, might exist in such intracavity-doubled lasers owing to longitudinal-mode coupling and sum-frequency generation. It is useful and practical to operate the laser in a single-longitudinal mode to eliminate instability. An intracavity etalon 1 or a birefringent filter 2 is often used to obtain single-mode operation in a low-power standing-cavity green laser. On the other hand, use of unidirectional ring-cavity lasers is effective for several multiwatt intracavity-doubled green lasers. 3, 4 However, designs that incorporate multiple intracavity elements, which frequently require careful alignment for optimum performance, are not favored for rugged, reliable, and, in particular, spaceborne applications. Therefore, it is desirable to eliminate the cost and complexity of the alignment mechanisms.
In a recent publication on diode-pumped Nd:YVO 4 ͞ KTP green lasers, 5 we demonstrated that the laser with a standing-wave cavity could operate in single mode even with pump power as high as 1.2 W. Here we report the single-mode operation at the secondharmonic wavelength by using a fiber-coupled diodepumped Nd:YVO 4 crystal in a concave-flat cavity. Single-mode operation was obtained through the combined action of the anisotropic emission cross section of the Nd:YVO 4 and the KTP crystal acting as a birefringent filter. The highest single-mode green output power was 3.2 W, corresponding to a conversion efficiency of 25.4%. To the best of our knowledge, this is the highest power ever demonstrated for a diode-end-pumped Nd:YVO 4 ͞KTP green laser that uses a standing-wave linear cavity.
Experimental setup
Figures 1͑a͒ and 1͑b͒ are schematics of the diodepumped Nd:YVO 4 laser and diode-pumped Nd: YVO 4 ͞KTP green laser, respectively. A 1.16-mmdiameter, fiber-bundled diode ͑OPC-B015-FCPS, Opto Power Corporation͒ that delivers a maximum output power of 15-W cw at the fiber end was used to pump an a-cut Nd:YVO 4 crystal doped with 1.0% Nd 3ϩ concentration. Even though a Nd:YVO 4 of 1-mm length is sufficient to absorb the pump light, we chose a 3-mm crystal length for thermal management and for prevention of a thermally induced stress fracture. Both end surfaces of the Nd:YVO 4 were antireflection coated at 1064 nm. The laser crystal was wrapped with indium foil and was mounted in a water-cooled copper block. The water temperature was maintained around 17°C. This active cooling ensured stable output power and helped to preserve the laser crystal from thermal fracture. The laser crystal was placed very near ͑1-2 mm͒ the input mirror, which was a 1-m radius-of-curvature concave mirror with antireflection coating at 808 nm on the entrance face and with high-reflectance coating at 1064 nm ͑Ͼ99.8%͒ and high transmittance coating at 808 nm on the second surface. The reason we used such a simple resonator design was to reduce loss at the fundamental to an absolute minimum, thereby maximizing the green output. According to the theory of Smith, 6 even a 1% loss at the fundamental wavelength might reduce the 20% conversion efficiency of the second-harmonic generation. Therefore, it is of primary importance to reduce all losses to an absolute minimum for internal second-harmonic generation to be effective. In addition to reducing loss at the fundamental wavelength, this cavity permits tight focusing in the KTP crystal while maintaining a large mode volume in the Nd:YVO 4 crystal.
Results and Discussion
A focusing lens ͑OPC-ORU-02͒ with 0.5 magnification and 84% coupling efficiency was used to reimage the pump beam into the laser crystal. The maximum pump power incident on the cavity is around 12.6-W because of the imperfect coupling efficiency of a focusing lens. The average pump-spot radius was approximately 370 m. Laser power at the fundamental wavelength was measured with a 93% reflectance at a 1064-nm flat output coupler mirror ͓Fig. 1͑a͔͒. The current output power was linearly polarized along the optical axis for all pump powers because, in Nd:YVO 4 , the stimulated emission cross section parallel to the optical axis ͑ polarization͒ is four times higher than that orthogonal to the optical axis ͑ polarization͒. The theoretical analysis indicates that the output power with polarization can exceed the lasing threshold 28 times before a second polarization mode starts to oscillate. 7 This result confirms the theoretical expectation. The output power of 7.1 W with a polarization ratio of 100:1 at 1064 nm was obtained for a pump power of 12.6 W and a cavity length of 55 mm. This corresponded to an optical-to-optical conversion efficiency of 56.3%. Taking into consideration the thermal lensing effect, the TEM 00 radii at the Nd:YVO 4 crystal was calculated as ϳ300 m. In other words, the present mode-to-pump size ratio is around 0.81, which contradicts the techniques that are generally used for low-power end-pumped mode matching, for which the optimum ratios are greater than unity. Use of a mode-to-pump size ratio less than unity is based on the fact that a central portion of the highly aberrated thermal lens presents less loss to the TEM 00 mode. 8 For internal frequency doubling ͓Fig. 1͑b͔͒, the output coupler was replaced with a 3 ϫ 3 ϫ 7-mm 3 piece of KTP ͑Fujian Castech Crystals͒ that was angle cut for type II phase matching at 1064 nm. One side of the KTP crystal was coated so that it was nominally highly reflecting at the fundamental wavelength ͑R Ͼ 99.7%͒ and highly transmitting at the secondharmonic wavelength ͑T Ͼ 95%͒. The remaining side was antireflection coated at the fundamental wavelength ͑R Ͻ 0.2%͒ and high-reflection coated at the second-harmonic wavelength ͑R Ͼ 98%͒. The angle between the field direction of the linearly polarized fundamental wave and the direction of the extraordinary ray in the KTP is 45°. Figure 2 illustrates the green output power and fundamental output power as a function of incident laser-diode pump power. More than 3.2 W of TEM 00 output at 532 nm was obtained at 12.6 W of pump power, resulting in a diode-to-green efficiency of 25.4%. The peak-to- Fig. 1 . Schematic of the fiber-coupled diode-pumped experimental setup: ͑a͒ fundamental output and ͑b͒ intracavity-doubled green output. Fig. 2 . Plot of the green output power and fundamental output power as a function of incident laser-diode pump power. peak power fluctuation is ϳ1.0%. The main noise could be caused by vibrations, the detector, and the pump diode. The output beam quality is estimated by the ratio of the far-field diameter to the diffractionlimited beam diameter calculated for the same cavity waist. The beam divergence of the green laser varies slightly with pump power, because the fundamental-mode size in the KTP depends on the focal length of the thermal lens in the Nd:YVO 4 , which also changes with pump power. However, the beam quality factor does not vary. At 3.2 W of output power, the laser beam quality ͑M 2 factor͒ was measured to be less than 1.3. All the current results are easily repeatable with a different set of components, but it should be noted that good optical quality of the crystal is the determining factor for output performance.
Longitudinal-mode structures of the fundamental and the green lasers were analyzed by a Fourier optical spectrum analyzer with a Michelson interferometer ͑Advantest Q8347͒. Inasmuch as the resolution of the spectrum analyzer is 900 MHz, the longitudinal modes separated by ϳ2.5 GHz in the present cavity should be clearly resolved. Figures 3͑a͒ and  3͑b͒ show the longitudinal modes of the laser with 7.1-W fundamental output power and 3.2-W green output power, respectively. Figure 3͑a͒ shows obvious sidelobes with 4.5-GHz mode spacing, which is approximately twice the mode spacing in the present cavity. However, the intensities of these adjacent modes are quite small. These results indicate that a large amount of excited state might be diffused in the laser crystal to lessen the gain of the adjacent modes. Recent investigations also suggest that the effect of energy diffusion is significant in Nd:YVO 4 . 9 In addition, the antireflection-coated facets of the Nd: YVO 4 crystal might act as a weak etalon for mode selection. Figure 3͑b͒ shows that single-mode operation with 3.2-W green output was obtained in the case of intracavity frequency doubling. This result reveals that the KTP crystal should provide some mechanisms to cause single-mode oscillation. In view of the difference between the emission cross sections of the Nd: YVO 4 parallel and orthogonal to the optical axis, the KTP crystal can act as a birefringent filter in the present cavity. In the KTP crystal, the linearly polarized fundamental wave from the Nd:YVO 4 is split into an ordinary ray component and an extraordinary ray component. When the fundamental wave makes one round trip through the cavity, passing the KTP crystal twice, the phase difference ␦ between the two components is given by
where d is the length of the KTP crystal, is the wavelength of the fundamental wave, and ⌬n of 0.0857 is the refractive-index difference between the orthogonal axes of the KTP. In general the beam returns to the Nd:YVO 4 in an elliptical polarization with a component along the a axis of the Nd:YVO 4 except for the mode at the wavelengths for which ␦ is an integral multiple of 2. The oscillation of the modes with an effective change in the polarization state can be suppressed owing to a large different emission cross section of the Nd:YVO 4 for light polarized parallel and orthogonal to the optical axis. By considering the difference between the emission cross sections and using the formula derived by Zayhowski, 10 one can determine that the single-mode operation can exceed the lasing threshold by 20 times before a second mode starts to oscillate. However, a 0.3°C shift in the KTP crystal temperature could cause a shift in the optical path length of ͞20. 11 The thermally induced phase shift in the KTP might produce a large change in polarization for the different modes and then lead to multimode operation. Experimental results show that the temperatures of the Nd:YVO 4 and the KTP must be controlled to within 0.1°C to obtain a stable single-mode output. In addition, the antireflection-coated facet of the KTP crystal could also act as a weak etalon with a mode interval of ϳ12 GHz in the present experiment. This additional etalon effect might help to enforce single-mode operation.
Conclusion
We have demonstrated a simple way to achieve single-frequency operation by using a fiber-coupled diode-pumped Nd:YVO 4 ͞KTP green laser in a short linear cavity. Single axial mode selection was ob- Fig. 3 . Longitudinal-mode structures of the laser with ͑a͒ 7.1-W fundamental output power spectrum and ͑b͒ 3.2-W green output power spectrum.
tained through the combined action of the anisotropic emission cross section of the Nd:YVO 4 and the KTP crystal acting as a birefringent filter. Under an optimum mode-matching condition, a single-mode green output of 3.2 W was obtained when pumped by a 12.6-W fiber-coupled laser diode. We expect that such a compact and efficient diode-pumped green laser as presented here can yield better performance in many practical applications.
